AD-A264 733  ELASTIC-PLASTIC LOADING AND U“LORDING IN A THICK TUBE /1

’ WITH KINEMATIC HARD..<U) ARMY RRHRHENT RESERR H_AND
DEVELOPNENT CENTER WATERVLIET N¥ L.. P C CHEN SEP 85
UNCLASSIFIED ARLCB-TR-83032 SBI-RAD-E440 302 F/G 20/11 N




ki 28 fj25

"" —-——_LO i
= =
£ )20

—

—

——
—
.
———
rr
I
re

I
=y EN

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS - (963 - A

.
.
’

.
[y
+
0

INDEP | ‘I'.'-o" -

., %"
.




- e W W W N e e W W W T W VW W T T T Y

AD-A161 733

PETER C. T. CHEN

SEPTEMBER 1985

AD

TECHNICAL REPORT ARLCB-TR-85032

ELASTIC-PLASTIC LOADING

AND UNLOADING IN A THICK TUBE
WITH KINEMATIC HARDENING THEORY

DR W
i : Lo

R .
Nk

T
PO SUPI B

sy GET 2 2 1385

@

A

US ARMY ARMAMENT RESEARCH AND DEVELOPMENT CENTER
LARGE CALIBER WEAPON SYSTEMS LABORATORY
BENET WEAPONS LABORATORY
WATERVLIET N.Y. 12189

_______________________________

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED




L e

ML AN A el _aind e-a PRl Jhecas SEdh manas o

ML A DA i Rt Aviachutcii et Sl S st cud W T R v
. ) B S

DISCLAIMER
The findings in this report are not to be construed as an official
Department of the Army position unless so designated by other authorized
documents.
The use of trade name(s) and/or manufacture(s) does not constitute

an official indorsement or approval.

DISPOSITION

Destroy this report when it is no longer needed. Do not return it

to the originator.




RV v

R AF Sl o

-t v,

S . Pl It e dhat Maa 4 .y wey

SECURITY CLASSIFICATION OF THIS PAGE (When Dats Entered)

CCAMLaME SRl A M Ol S anh SOt A OVh ievh aedk e sid sea gma oo o

REPORT DOCUMENTATION PAGE

READ INSTRUCTIONS
BEFORE COMPLETING FORM

1. REPORT NUMBER

ARLCB-TR-85032 s

2. GOVT ACCESSION NO| 3. RECIPIENT'S CATALOG NUMBER

N £
SLASTICTP A . LOADING AND UNLOADING IN A

THICK TUBE WITH KINEMATIC HARDENING THEORY

S. TYPE OF REPORT & PERIOD COVERED

Final

6. PERFORMING ORG. REPORT NUMBER

7. AUTHOR(s)
Peter C. T. Chen

8. CONTRACT OR GRANT NUMBER(e)

9. PERFORMING ORGANIZATION NAME AND ADORESS
US Army Armament Research & Development Center

Benet Weapons Laboratory, SMCAR-LCB-TL
Watervliet, NY 12189-5000

10. PROGRAM ELEMENT, PROJECT, TASK
AREA & WORK UNIT NUMBERS

AMCMS No. 6111.02.H600.011
PRON No. 1AS52F51Dl1AlA

11. CONTROLLING OFFICE NAME AND ADORESS
Army Armament Research & Development Center

Large Caliber Weapon Systems Laboratory
Dover, NJ 07801-5001

12. REPORT DATE
September 1985

13. NUMBER OF PA167ES

[ T& MONITORING AGENCY NAME & ADDRESS(/{ di{ferent from Controlling Office)

15. SECURITY CL.ASS. (of this report)

UNCLASSIFIED

15s. DECL ASSIFICATION/ DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abstract entered In Block 20, If different from Report)

18. SUPPLEMENTARY NOTES

Published in Conference Proceedings,

Presented at the Third Army Conference on Applied Mathematics and Computing,
Georgia Institute of Technology, Atlanta, Georgia, 13-16 May 1985.

Thick Tube
Residual Stress
Elastic-Plastic

19. KEY WORDS (Continue on reverse side !f necessary and identity by block number)
Kinematic Hardening

Baugchinger Effect
Reverse Yelding

20. ABSTRACT (C-t-n am roverse ofd I nacoasary s identify by block number)
Using Tresca's yield criterion, its associated flow rule, and the linear

hardening law, analytical solutions have been obtained for elastic-plastic
loading and unloading problems in a thick tube subjected to uniform internal
pressure. Explicit expressions for the displacement, strains, and stresses
are presented herein, along with numerical results for a closed-end tube.

DD ,',2n", 1473  €ormon oF ' nov 63 1s OBSOLETE UNCLASSIFIED

SECURITY CLASSIFICATION OF TMIS PAGE (When Data Enteced)




2N N IO Y IR RSN T S A Sh S0 e Rt e A g il S A SRR Y Al At it i A el A AR i T

TABLE OF CONTENTS

INTRODUCTION

ELASTIC-PLASTIC LOADING

REVERSE YIELDING

ELASTIC-PLASTIC UNLOADING

NUMERICAL RESULTS AND DISCUSSIONS

REFERENCES

LIST OF ILLUSTRATIONS

1. Effect of hardening on the relation between internal pressure
and elastic-plastic interface.

2. Boundary displacement during loading and after unloading.
3. Distribution of hoop stresses during loading.
4. Distribution of residual hoop stresses.

5. Effect of hardening parameter on residual stress distribution.

6. Effect of hardening rules on residual stress distribution.

11

12

13

14

15

16

]




I S At I G St i i I S Yha st Maadl SaadhcSh anrtie it o i un cammne - ar g ML AN JB g A ord a0
~ i B I g Ml Sai g At Sy S S W O W W W o W W W ey

INTRODUCTION

The importance of the determination of residual stresses in a prestressed
thick-walled cylinder is well-known, and elastic-plastic loading response has
been extensively studied (refs 1-5). Most of the earlier solutions for
residual stresses were based on the assumption of elastic unloading and only a
few considered elastic-plastic unloading (refs 2,5). Bland's work (ref 2),

which neglects the Bauschinger effect, is based on the Tresca's yield

LA A Sa o8

' criterion and the isotropic hardening rule. Kinematic hardening is the
simplest theory that can model the Bauschinger effect (refs 6,7). If

unloading does not occur, there is no difference between the kinematic and

isotropic hardening models. For unloading with reverse yielding, the results
based on these two models will be different as shown in a recent paper (ref 5)
using the ADINA finite element code (ref 8). The von Mises' yield criterion
and its associated flow rules were used in both models.

This report states a closed-form solution for elastic-plastic loading and
d unloading in pressurized thick-walled cylinders using Tresca's yield
‘ criterion, its assoclated flow rule, and the linear kinematic hardening law.

| Numerical results are presented for a closed-end tube.

ELASTIC-PLASTIC LOADING
; Consider a thick~walled cylinder, internal radius a and external radius
b, which is subjected to internal pressure p. The material is assumed to be

elastic-plastic, obeying the Tresca's yield criterion, the associated flow

theory, and a linear strain-hardening rule. Using the isotropic hardening

References are listed at the end of this report.
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theory, the elastic-plastic solution has been obtained by Bland (ref 2). In
order to counsider the Bauschinger effect, the kinematic hardening theory is
used here. Subject to the condition 0g > 0, > o, Tresca's yield criterion
for the Prager-hardening rule (ref 6) states that yielding occurs when
(og=ag) = (opr=ap) = K, (L)
where
ag = csep , Op = cerp (2)
define the position of the center of the yield surface; ¢ is a material
constant and K, the initial yield stress. The associated flow rule states
that
dEep = -derp and dezp =0 3
For the case of linear strain-hardening, the yleld stress curve can be
represented by a straight line,
K/Ko = 1 + ne. and n = (E/Kg)%/ (l-m) (4)
where n is a material constant and the equivalent plastic strain ep is defined
by

1/2 2
¥ =« VITT [ (deg)2 + (g2} = r co (5)

The elastic-plastic solution for the stresses and displacements can be

Cam e am g gndee _ oaaen

obtained explicitly. The expressions in the plastic range (a € r < p) are

% or/Ko 1 p2 1 p? 4 (6)
: =-(f1+ =) F-nB(-3-1) -~ (1~ nB)log ~

; ag/K, 2 b 2 r r (7)
‘ 0,/Ry = vp2/b2 - 2v(1-nB) log £ + E€;/K,y (8)
i r

; (E/Ko)(u/T) = (1=2v)(1+v)(0r/Kg) = VEEZ/Kg + (1-v2)p%/r2 (9

e a e e e e T
AT A R A .
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and in the elastic range (p € r € b)

or/Kg 1 p2 2 (10)
= G TP
0g/Ke 2 b r (11)
0,/Ky = E€z/Kg + Vp%/b2 (12)
1
(E/Kg)u/t = - (1+v) [p2/r2 + (1-2V)p2/b2] - VEe,/K, (13)
where
Be, /Ry = el (p/Ky) (14)
270 (b3/a%1) PTo
p =0 (open-end) , 1 (closed-end)
and
3
g=l = n+ > (E/Kg)/ (1-v?) (15)

The yield surface moves in translation during plastic deformation as given by
P P
ag = ~ap = (/3/2)ce  and € = B(p2/r1) (16)
The elastic plastic surface p is related to the internal pressure p by

1 1
p/Ko = > (1-p2/b2) + (1-nB)log o/a + = nd (p?/a1) (17)

REVERSE YIELDING
If the pressure p given by Eq. (17) is subsequently removed completely

with no reverse yielding, the unloading is entirely elastic and the solution

is given by
op' p b2 (18)
s el Sl R
og’ b</ac - 1 r (19)
0,' = v(o,.'+0g"') + Eg,’ (20)
Ee,' = ~(u-2v)p/(b%/a?1) (21)

Eu'/r = =[(1l=-v

uv) + (1+v)b2/c?]p/(b%/a 1) (22)
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The residual stress system, which will be denoted by two primes, is the sum of
the system produced by loading and that produced by unloading, i.e., 0." = o,
+ o0,.', etc. Assuming the kinematic hardening rule and using Tresca's

criterion subject to o." > 0," > og”, the reverse yielding will not occur if
(0,"-ap) = (0g™-ag) < K, (23)
Substituting the loading and unloading solution into Eq. (23), we can
determine the minimum pressure (p,) for reverse ylelding to occur. The
equation for pp 1s given by
Pn/Ko = (1-a2/b2) (24)

Equating Eqs. (17) to (24), we can determine the maximum amount of overstrain

for reverse yielding not to occur.

ELASTIC-PLASTIC UNLOADING
Now suppose that the loading has been such that the internal pressure is

larger than py, given by Eq. (24). On unloading, yielding will occur for a < r
< p' with p' < p. Using the kinematic hardening rule during unloading and
assuming G." 2 0,” > ogg”", we have

(op"=ap"™) = (og™=ag™) = K, (25)
where

a” = cer"p , ap" = cee”p (26)
Since the residual stress system i1s the sum of two systems produced by loading

and unloading, combining Eqs. (1) and (25) leads to

(°r"“r') - (og'-ag') = 2Ko 27)
where
. p p
T eET At = ceq (28)
4
e e Y o T e T e e
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During elastic-plastic unloading, the associated flow theory states that
dee'p = -der'p <0 and dez'p =0 (29)
It has been assumed that the sign of dse'p is the same throughout the
unloading process and that is negative. This will be the case when the
internal pressure is removed during unloading. Since €,' = ¢,'€ = -¢, is
known, we can use Hooke's law and the equilibrium equation,
dop'/dr = (og'-o')/x (30)
to express 0,' in terms of o.'
0,'" = Eg,' + 2vor' + vr(dop'/dr) (31)
Since the dilation is purely elastic
(du'/dr) + u'/r + &, = ET}(1-2Vv)(o,"+0g'+0,") (32)
On integration using Eqs. (30) and (31), we obtain
ru' = (1=2V)(1+WE™!r?2 o' - ve,'r2 + A (33)
where A is a constant. The strain components can be expressed in terms of o'
and (do,'/dr). The plastic strain components are
ee'P = —er'p = Ar~2 - (1-v®)E~lr(do,'/dr) (34)
Using Eq. (31) together with Eqs. (27) and (28), we have
r(do,'/dr) = -Z(Ko-cee'p) (35)
Substituting Eq. (35) into Eq. (34) and determining the coastant A by the
condition €g'P = 0 at p', we obtain
A = =2(1-v2)(K,/E)p' 2 (36)
and
(E/Ko)ee'p = =2(p"2/r?-1)/[2¢/E + (1-vH)~ ] (37)
Equations (35) and (36) with the boundary condition at r = a suffice to

determine o.' in the plastic region. The expressions for the stresses in (a <

Lt e e
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r € p') are given explicitly by
Op' /Ko = p/Kg = nB(p'2/a2~p'2/r?) - 2(1-nB)log(r/a)
0g'/Ky = 0p'/Kg = 2 = 2nB(p' %/r 1)

0,"/Rg = V(op'+0g') /Ky = Egz/K,
and in (p' € r € b) given by

o' /&g

= £ (o' Yr2 % p'2/b2)
gg' /Ky

a,' /Ky = =2Vp' 2/b2 - E€,/K,

(38)
(39)

(40)

(41)
(42)

(43)

The continuity condition of 0,' determines the relation between p' and p as

given by

J

1 - p'2/b2 + 2(1-nB) log L ne(p'2/a2-1)
a
1 1
- (1-p2/b2) + (1-nB)log(p/a) + 5 nB(p2/a?-1)

The yield surface moves in translation during elastic-plastic unloading
according to
ae' - —ar' - cee'

P
where €g' 1is given by Eq. (37).

NUMERICAL RESULTS AND DISCUSSIONS

Consider a closed-end thick-walled cylinder with the following

(44)

(45)

parameters: b/a =3, v = 0.3, and E/K, = 200. The numerical results for the

displacements, strains, and stresses during elastic-plastic loading and

unloading have been calculated. Figure 1 shows the relationship between the

internal pressure factor (p/Ko) and the dimensionless elastic-plastic

interface (p/a) for various values of the hardening parameter, m = 0, 0.05,

G e A te 0 ey
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0.1, and 0.2. The displacements at the inside and outside boundaries of the

a—ana_

tube (U, and Up) are shown in Figure 2 as functions of the elastic-plastic
interface for m = 0.1. The solid and dotted curves represent the displace-
ments during loading and after unloading, respectively. Figure 3 shows the

distribution of hoop stresses (0g) during loading for p/a = 1.0, 1.5, 2.0,

ColmemAS . w4 B R A X &

2.5, and 3.0. After complete unloading from different stages of loading, the
corresponding residual hoop stresses (og") are shown in Figure 4. Reverse

ylelding occurs in a strain-hardening tube with m = 0.1 only when the plastic

P S S

portion (p) is larger than 1.652 a. In order to show the effect of hardening
parameters (m) on the residual stress distribution, the numerical results are
presented in Figure 5 for m = 0, 0.05, and 0.10. As can be seen in the
figure, larger values of hardening parameter (m) tend to reduce the beneficial
residual hoop stress at the bore.

All the results presented in Figures 1 through 5 are based on the

kinematic theory. We have also calculated the results based on the isotropic

hardening theory (ref 2). Figure 6 shows a comparison of two hardening rules

vy

for the residual hoop stresses in a closed-end thick-walled cylinder. The

dotted curves represent the isotropic hardening model with no Bauschinger
effect. According to this model, there is no reverse yielding. The solid
curves show the Bauschinger effect, and reverse yielding occurs in both cases,

p'/a = 1.098, 1.336, for p/a = 2.0, 3.0, respectively. The residual hoop

v

stresses at the bore are og"/K, = -0.729, -0.327 for p/a = 2.0, 3.0,

respectively. According to the 1sotropic hardening rule, those values of

Paarace o o con g S oo 4

0g" /Ky, should be -1.060, ~1.318 for p/a = 2.0, 3.0, respectively. These

numerical results indicate that the effect of hardening rules on the residual

| irap v W v v v = e =
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hoop stresses is quite significant, especially near the bore. Many plasticity
theories for reverse yielding have been proposed and reviewed (ref 9), and

many computer programs have been developed (ref 10). It is belfeved that the
numerical results based on other theories will fall within the limits obtained

by using the kinematic and isotropic hardening models.
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Figure 1. Effect of hardening on the relation between internal pressure
and elastic-plastic interface.
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Figure 2. Boundary displacement during loading and after unloading.
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ATTN: TECH LIB ~ DRXMR-PL

WATERTOWN, MA 01272

COMMANDER

US ARMY RESEARCH OFFICE

ATTN: CHIEF, IPO

P.0. BOX 12211

RESEARCH TRIANGLE PARK, NC 27709

COMMANDER

US ARMY HARRY DIAMOND LAB
ATTN: TECH LIB

2800 POWDER MILL ROAD
ADELPHIA, MD 20783

COMMANDER

NAVAL SURFACE WEAPONS CTR

ATTN: TECHNICAL LIBRARY
CODE X212

DAHLGREN, VA 22448

DIRECTOR
US NAVAL RESEARCH LAB
ATTN: DI, MECH DIV
CUDE 26-27, (DOC LIB)
WASHINGTON, D.C. 20375

COMMANDER
ATR FORCE ARMAMENT LABORATORY
ATTN: AFATL/DLJ
AFATL/DLJG
EGLIN AFB, FL 32542

METALS & CERAMICS INFO CTR
BATTELLE COLUMBUS LAB

505 KING AVENUE

COLUMBUS, OH 43201

NOTE: PLEASE NOTIFY COMMANDER, ARMAMENT RESEARCH AND DEVELOPMENT CENTER,
US ARMY AMCCOM, ATTN: BENET WEAPONS LABORATORY, SMCAR-LCB-TL,
WATERVLIET, NY 12189, OF ANY ADDRESS CHANGES.
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